In Brief
The discovery of multiple subpopulations of naive T cells, distinguished by their developmental origin and molecular profiles prior to microbial challenge, explains the heterogeneity observed in memory and effector pools. (Jenkins et al., 2010) . Following infection, the peptide-specific cells undergo massive clonal expansion and can produce up to 10 million effector CD8 + T cells in a week, which function to eradicate invading pathogens (Williams and Bevan, 2007) . Once the pathogen has been eliminated, the majority ($90%-95%) of effector CD8 + T cells undergo apoptosis, but a small percentage ($5%-10%) survives and differentiates into long-lived memory cells, which protect the host against reinfection in the upcoming months and years (Kaech et al., 2002; Williams and Bevan, 2007) . In the last decade, it has become clear that effector T cell responses are comprised of a wide range of short-and long-lived cell subsets, which in turn give rise to phenotypically and functionally diverse pools of memory cells (Gerlach et al., 2016; Joshi et al., 2007; Olson et al., 2013; Sarkar et al., 2008) . Despite intensive research, the underlying source of phenotypic and functional diversity among effector and memory CD8 + T cells remains poorly understood.
The current model suggests that all naive CD8 + T cells have an equal potential to mature into different effector subsets, but those receiving increased stimulation (in the form of antigen, costimulation, or inflammatory cytokines) become biased toward the short-lived effector lineages, whereas those receiving less (but sufficient) stimulation give rise to the longer-lived memory subsets of cells. However, a number of recent studies have demonstrated that some naive CD8 + T cells possess different cell-intrinsic properties prior to their response to infection, which influence their kinetics and phenotypes after infection (Reynaldi et al., 2016; Smith et al., 2014; Wissink et al., 2015) . In particular, neonatal CD8 + T cells derived from fetal liver hematopoietic stem cells (HSCs) are inherently more proliferative and have an enhanced capacity to differentiate, when compared to CD8 + T cells produced from adult bone marrow HSCs later in life (Wang et al., 2016) . Similar results have also been described for fetal-derived CD4 + T cells in mice (Adkins et al., 2003; Zens et al., 2017) and humans (Mold et al., 2010) . However, there is still the important and unresolved question of whether neonatal-derived CD8 + T cells persist into adulthood and maintain their cell-intrinsic properties during infection.
In this report, we developed a novel strategy to ''timestamp'' CD8 + T cells at various stages of development and examined their phenotype and behavior in adulthood. We found that fetal-derived CD8 + T cells preferentially become memory-like CD8 + T cells in adulthood and represent the early effectors during infection. In contrast, the adult-derived CD8 + T cells predominantly give rise to naive CD8 + T cells with slower kinetics but exhibit an enhanced capacity to form less differentiated memory precursors. Thus, there appears to be a division of labor among CD8 + T cells with different developmental origins, which work in concert to protect the host against invading pathogens. Collectively, our studies demonstrate that the naive CD8 + T cell pool is not as homogeneous as previously thought and offers a new framework for explaining the heterogeneity in the effector and memory T cell subsets that arise after infection.
RESULTS

CD8 + T Cells Made Early in Life Have an Inherent
Propensity to Develop into Virtual Memory Cells Tracking CD8 + T cells from early life into adulthood required the development of a ''fate-mapping'' mouse model. We used a CD4 promoter-driven tamoxifen-inducible cre (CD4cre-ERT2) (Aghajani et al., 2012) , which drives expression of the red fluorescent protein TdTomato (RFP) in CD8 + T cells undergoing thymic selection at the CD4 + CD8 + double positive (DP) stage of T cell development. This strategy allowed us to permanently ''timestamp'' (ts) a wave of CD8 + T cells made in the thymus during tamoxifen exposure (Figures 1A, S1A, and S1B). Our approach was to timestamp CD8 + T cells produced in mice at the following stages: (1) fetal (1d ts), (2) neonatal (7d ts), and (3) adulthood (28d ts). Most DP thymocytes at birth are derived from fetal Data representative of 2-4 independent experiments, n = 3-8 mice in (A)- (F) . See also Figure S1 .
HSCs (Adkins, 1991) , whereas the majority of those at day 28 come from adult HSCs (Kim et al., 2007 T cells compared to those from 28d ts (50% versus 9%) (Figure 1B) . It is possible that some CD44 hi CD122 hi cells are actually ''true memory'' cells, and the phenotypic differences among cells with disparate origins is due to differences in exposure to foreign antigen. However, multiple lines of evidence argue against this possibility. First, most 1d ts cells do not express CD49d ( Figure S1C ), which is exclusively expressed on true memory cells (Haluszczak et al., 2009) . Second, 1d and 7d ts cells express significantly more Ly6C, CXCR3, and T-bet (Tbx21) than their adult counterparts ( Figure S1D ), and expression of these markers is consistent with their VM phenotype (Figure S1E) (White et al., 2017) . Third, 1d ts CD8 + T cells were enriched in the liver ( Figure S1F ), which was recently shown to be a reservoir for virtual memory cells (White et al., 2016) . Finally, in adults, the majority of TCR transgenic (gBT-I) 1d ts CD8 + T cells exhibited VM phenotype without exposure to cognate antigen ( Figure S1G ). Collectively, these data demonstrate that the phenotype and localization of CD8 + T cells in adult animals are linked to the stage of life at which they were originally produced. Next, we investigated why the 1d ts CD8 + T cell pool contains more VM cells than the 28d ts CD8 + T cell pool in adult mice. One possibility is that the 1d ts cells are much older than the 28d ts cells and have therefore had more time to undergo homeostatic proliferation and convert to VM CD8 + T cells in the periphery. To test this, we compared 1d and 28d ts CD8 + T cells at the same time post-marking. 1d ts CD8 + T cells acquired a VM phenotype more rapidly than 28-day marked cells (61.7% versus 13.4%), when compared at the same time point after labeling (4 weeks). Moreover, differences were maintained for 3 months ( Figure 1C ). These results indicate that it is not simply the post-thymic age of the cell that dictates its propensity to become a VM cell, but rather the age of the animal when the cells were produced. We also considered that the peripheral environment is different in neonatal and adult animals. Indeed, neonatal mice are largely devoid of T cells, which may support lymphopeniainduced proliferation (Min et al., 2003) and explain why 1d ts cells more rapidly became VM cells. To examine this possibility, we transplanted a newborn timestamp thymus into an adult timestamp mouse and marked waves of newborn (RFP) and adult (YFP) thymocytes that we could track in the same peripheral environment ( Figure 1D ). Newborn-derived CD8 + T cells underwent more proliferation ( Figure S1H ) and preferentially developed into VM cells, whereas the majority of adult-derived CD8 + T cells did not ( Figures 1E and 1F) . Indeed, 4 weeks after labeling, cells from newborn thymii that matured in adult hosts had a similar proportion of VM cells to that seen in their natural environment (58% versus 62%, respectively), suggesting lymphopeniainduced proliferation in the neonatal environment was not required. Together, these data indicate that CD8 + T cells of early developmental origin have a cell-intrinsic propensity to become VM cells, and this fate bias occurs independently of environmental factors experienced in the periphery.
CD8 + T Cells Made during Different Developmental Windows Exhibit Distinct Gene Regulatory Programs
To examine whether CD8 + T cells derived from different developmental layers display global differences in gene expression that persist into adulthood, we performed RNA sequencing (RNA-seq) on 1d and 28d ts CD8 + T cells from uninfected adults.
Principal component analysis revealed that 1d ts and 28d ts cells have distinct transcriptomes (Figure 2A ). Overall, we found 222 significantly upregulated genes and 73 genes that were downregulated in 1d ts cells ( Figure 2B ; Table S1 ). To understand differences in gene expression, we investigated enrichment of the transcripts that are preferentially found in 1d or 28d ts cells relative to lists of genes that are known to typify CD8 + T cells at various stages of their responses, as defined by the ImmGen Consortium (Best et al., 2013) . Interestingly, we found that 1d ts cells express a significantly higher proportion of genes typically found in short-term effector, late effector, and memory cells (clusters VI, VIII, IX, X) ( Figures 2B, 2C , and S2; Table S2 ). Cluster X genes, which typically show the highest level of expression at the peak of the response and after the pathogen has been cleared, exhibited the most enrichment in genes upregulated in naive 1d ts cells ( Figure 2C ). In contrast, 28d ts cells expressed more genes that characterize naive and late memory cells (cluster IV) (Figure S2 ; Table S2 ). Among the genes upregulated in 1d ts cells, we observed higher levels of genes encoding for phenotypic markers (Ly6c, Cx3cr1) ( Figure 2D ), effector functions (Gzma, Ifng, Prf1) ( Figure 2E ), and transcription factors (Tbx21, Zeb2, Prdm1) characteristic of effector CD8 + T cells ( Figure 2F ).
CD8
+ T cells made early in life also expressed elevated transcripts typically found in NK cells (Klrk1, Klrb1, Klra7) ( Figure 2G ), raising the possibility that they possess innate-like functions. These data suggest that, prior to infection, 1d ts cells represent a unique and more effector-like population of CD8 + T cells in the periphery of uninfected adult mice. (Reynaldi et al., 2016; Smith et al., 2014; Wang et al., 2016) . We performed similar assays with timestamped cells and found nearly 3 times as many 1d ts cells had undergone cell division compared to 28d ts cells ( Figure 3A) . To assess the underlying dynamics, we used a previously developed mathematical modeling approach (Gett and Hodgkin, 2000; Hawkins et al., 2007; Reynaldi et al., 2016) and found that 1d ts cells entered division earlier and divided faster ( Figure 3B ). We also determined that death rate prior to first division was not significantly different ( Figure 3C ). However, on each division cycle, we found 1d ts cells had better survival ( Figure 3D ). 1d ts cells lost more CD62L per division, indicating they more rapidly differentiated ( Figure 3E ). These analyses are summarized in Table S3 .
We also asked if fetal-derived cells showed differences in activation markers or effector molecules. We found that prior to their first round of division, 1d and 7d ts cells had increased production of the effector proteins granzyme B and IFNg (Figures 3F and 3G) , and elevated amounts of granzyme B were maintained after proliferation started ( Figure 3H ). To assess whether stamped cells produced at different times displayed any innate immune functions, we stimulated them with pro-inflammatory cytokines (interleukin [IL]-12 and IL-18). After an 18-hr incubation period, we observed rapid IFNg production by 1d and 7d ts cells that expressed CD44 ( Figure 3I ). Collectively, these findings demonstrate that neonatal cells persisting into adulthood retain their capacity to rapidly respond to stimulation and are capable of participating in both innate and adaptive immune responses. (F) , and transcription factors (G) . See also Figure S2 and Tables S1 and S2. diverse repertoire (Rudd et al., 2011 ) and a smaller number of precursors (Nelson et al., 2015) , which could potentially alter immune function (Badovinac et al., 2007; Messaoudi et al., 2002) . To directly evaluate cell intrinsic differences and control for these variables, we adoptively co-transferred cells from gBT-I TCR transgenic timestamp and Thy1.1 mice into congenically marked recipients. Consistent with our in vitro stimulation results, we found nearly three times more 1d ts cells at 5 dpi ( Figure 4B ). However, this early burst was not sustained, and 28d ts cells were found to make up a larger portion of the transferred pool of cells at later time points ( Figure 4B ). More rapid proliferation of 1d ts cells was accompanied by a notable difference in their phenotype. Whereas 1d ts cells were preferentially KLRG1 hi (a marker of terminal differentiation), their 28d ts counterparts had a more balanced population of KLRG1 hi and KLRG1 lo cells ( Figure 4C ). These data indicate that, even after controlling for developmental differences in TCR repertoire and precursor frequency, cells produced early in life proliferate and differentiate more quickly than those produced later in life.
We next asked whether such differences were evident in 1d, 7d, and 28d ts non-TCR transgenic timestamp mice ( Figure 4D ). To determine whether cells made early in life proliferate earlier in infection, we compared the percentage of ts cells during infection to those observed prior to infection in each animal. Indeed, we found a larger increase in the percentage of 1d and 7d ts CD8 + T cells at 5 days post-infection ( Figure 4E ), suggesting polyclonal cells from early life are more proliferative. We confirmed that 1d ts cells have a greater proportion of terminally differentiated short-lived effector cells and make more interferon gamma (IFNg) during early phases of the infection (Figures 4F and 4G) . Collectively, these data indicate that developmental origin plays a deterministic role in the fate of CD8 + T cells during infection.
We also compared the impact of inflammation on the response of CD8 + T cells with different developmental origins.
Using a dendritic cell (DC) vaccination approach in the presence or absence of IL-12 stimulation, we determined whether differences in IL-12 sensitivity alone were sufficient to recapitulate our infection results. We found that DC-immunized 1d ts mice receiving IL-12 (intraperitoneally [i.p.]) generated a higher percentage of KLRG1 hi cells than mice marked in adulthood (Figure S3) . These findings raise the possibility that 1d ts cells undergo more robust effector cell differentiation because of enhanced reactivity to innate cytokines.
CD8 + T Cells Produced in Early Life
Are Preprogrammed to Mount a Rapid Effector Response CD8 + T cells with early developmental origins exhibited distinct phenotypes and displayed more rapid effector responses later in adulthood. However, it remained unclear whether these differences were intrinsic or due to differences in amount of postthymic maturation or initial phenotype prior to infection (1d ts cells had a substantially higher proportion of VM cells). We therefore designed an experiment to disentangle the developmental origin from both the time spent in the periphery before analysis See also Figure S4 and Tables S1 and S2. and the phenotype of cells at the time of infection. Four distinct gBT-I donor populations (1d ts bulk, 1d ts VM, 28d ts bulk, 28 ts VM), all 4 weeks post-mark, were adoptively transferred into separate recipients, and responses to LM-gB were compared ( Figure 5A ). Regardless of initial phenotype, 1d ts cells preferentially differentiated into KLRG1 hi terminal effectors, whereas 28d ts cells gave rise to significantly fewer KLRG1 hi terminal effector cells ( Figure 5B ). RNA-seq from 1d and 28d ts VM cells at 5 dpi showed that 58 genes were differentially expressed between 1d and 28d ts VM cells (Figures 5C and S4; Table S1 ). Enrichment analysis using the ImmGen clusters revealed 1d ts cells upregulated genes typically observed in short-term and late-effector CD8 + T cells (clusters VI, VIII, IX, X) ( Figure S4 ; Table S2 ). Together, these data indicate that 1d VM cells give rise to more terminally differentiated effectors than 28d ts VM cells.
We also compared the phenotype of 1d and 28d ts VM cells that transition into the resting memory pool at later stages of infection. Given that the differentiation state of effector cells predicts the type of memory cell that can be formed (Gerlach et al., 2016; Mackay et al., 2013) , we hypothesized that cells made early in life give rise to more activated and effectorlike populations of memory cells, which express higher levels of KLRG1 and lower levels of CD27 and CD43 (Hikono et al., 2007; Olson et al., 2013) . Indeed, at 41 dpi, the 1d ts VM population had approximately twice as many KLRG1 hi CD62L lo ( Figure 5D ) and CD27 lo CD43 lo cells ( Figure 5E ). Collectively, our results suggest that more rapid effector cell differentiation in 1d ts cells is not due to age-related differences in postthymic maturation or phenotype, but rather to cells with disparate developmental origins adopting different effector and memory fates after infection because they are programmed differently.
CD8 + T Cells Made Early in Life Have an Effector-like Chromatin Landscape
Recent studies have mapped chromatin accessibility in naive, effector, and memory CD8 + T cells and showed that significant changes in the epigenetic landscape are required to progress toward differentiation pathways (Gray et al., 2017; Yu et al., 2017 Figure S5 and Table S4. 28d ts group as a reference population. Principal component analysis of ATACseq profiles clearly segregated the 1d VM subset from the 28d VM and 28d TN groups, suggesting cells produced in early life do indeed exhibit a unique chromatin landscape ( Figure 6A ). To systematically compare open chromatin regions in CD8 + T cells of different developmental origin, we clustered all 46,140 ATAC-seq peaks into six distinct groups with concordant behavior ( Figure 6B ; Table  S4 ). Each group contained peaks associated with genes involved in effector and memory cell differentiation ( Figure 6B ). However, 1d ts VM cells showed increased accessibility to genes (group 4) that favor effector cell differentiation (Tbx21, Id2, Il2ra, Il15ra) and decreased accessibility to genes (groups 1 and 6) promoting naive and memory cell development (Foxo1, Foxo3, Il6st, Tgfbr) ( Figure 6B ; Table S4 ).
To obtain an unbiased perspective, we next compared genes associated with peaks in each of the six groups with gene-clusters described by the ImmGen Consortium ( Figure 6C ). Our enrichment analysis revealed that effector genes are enriched in group 4 and depleted in group 1, indicating higher accessibility of these genes in 1d ts VM cells than the 28d ts VM cells. We confirmed these patterns using independent annotated gene sets that differentiate naive, short-lived effector (SLEC), memory-precursor effector (MPEC), and memory CD8 + T cells (Joshi et al., 2007; Luckey et al., 2006; Subramanian et al., 2005) (Figure S5) . Consistent with these trends, ATAC-seq peaks corresponding to genes encoding certain effector functions (Gzma, Ifng, Gzmm) showed strong signatures of open chromatin in the 1d VM cells compared to either 28d ts VM or 28d ts TN cells.
In contrast, enhancers close to the gene for Il2, a key cytokine known to promote the formation of memory cells (Williams et al., 2006) , were more accessible in 28d ts VM cells ( Figure 6D Figure 7B ). In contrast, TFs with roles in repressing effector cell differentiation (Sp1, Egr2, nuclear factor kB [NF-kB]) (Miao et al., 2017; Moskowitz et al., 2017; Teixeiro et al., 2009) showed enriched binding in chromatin more accessible in 28d ts VM cells and depleted binding in chromatin more open in 1d ts VM cells ( Figure 7A ). To confirm differential accessibility of regulatory regions, we reexamined the ATAC-seq data specifically for the TFs highlighted above, this time examining the complete spectrum of ATAC-seq peaks corresponding to each TF, rather than the minority that differ ( Figure 7C Figure S7 ). However, we identified 569 and 970 poised genes in 1d ts VM and 28d ts VM, respectively, with pronounced differences in ATAC-seq signals that were not differentially expressed concordantly in the transcriptome. Gene ontology (GO) enrichment analysis indicated genes poised in 1d ts samples specifically overlapped with genes characteristic of cell death and secretion, while poised genes in 28d samples, on the other hand, exhibited enrichment of more general GO terms, although one notably enriched term was ''negative regulation of cell death'' (Figures 7D and 7E ; Table S5 ). These data suggest that cells with different developmental origins adopt distinct fates during infection because they contain different regulatory circuitry prior to stimulation.
DISCUSSION
During early development of the immune system, the periphery is colonized by waves of hematopoietic stem cells differing in their capacity to proliferate and undergo self-renewal (Mold and McCune, 2011) . As a result, unique populations of lymphocytes (e.g., B1a-B cells and DETCs) are created and populate the host in a sequential manner, resulting in a stratified immune system based on developmental layers (Hardy and Hayakawa, 1991; Ikuta et al., 1990; Kantor et al., 1992) . In this report, we used a novel approach to fate map CD8 + T cells produced during different stages of life, allowing the identification of developmental layers in the CD8 + T cell compartment that play unique roles during infection in adulthood. Our data indicate that the host response to intracellular pathogens in adulthood is linked to how the CD8 + T cell compartment is constructed during immune ontogeny.
Perhaps one of the most striking findings from our study is that the fate of effector CD8 + T cells is ''pre-programmed,'' at least in part, by the developmental stage at which precursor cells undergo maturation in the thymus. Previous work showed individual CD8 + T cells from TCR transgenic OT-I mice can differentiate into all effector subsets typically observed in endogenous recipient populations (Stemberger et al., 2007) . As a consequence, the prevailing notion in the field is that all naive CD8 + T cells have the same potential to mature into memory cells and that phenotypic diversification primarily occurs during priming. However, these studies also show that individual cells adopt quite different fates, producing very different proportions of effector and memory subsets (Plumlee et al., 2013 Figure 6B . (D and E) Enrichment analysis for GO-slim ''biological process'' terms in poised genes in 1d ts VM (D) and 28d ts VM (E), respectively. The significant (p value <0.05) terms are presented as networks; the size of the circle indicates enrichment score, and FDR corrected enrichment p value is color-coded. See also Figures S6 and S7 and Table S5. long-lived memory pool after infection than early origin counterparts. This holistic view of the CD8 + T cell response to infection is reminiscent of B cell subpopulations (B1a, B1b, B2 cells) (Herzenberg and Herzenberg, 1989 ) that co-exist in adult mice and suggests individual CD8 + T cells contribute specific functional roles to the immune system during development. In the future, it will be important to determine whether the more peptide-promiscuous fetal-derived CD8 + T cells (Gavin and Bevan, 1995) exhibit different antigen recognition patterns in adulthood, as has been described for B1-B cells (Berland and Wortis, 2002) .
Developmental layers present during immune ontogeny are consistent with progressive evolution of the immune system in the animal kingdom (Herzenberg and Herzenberg, 1989) . In mammals, slower adaptive immune cells are layered on top of more primitive fast effector cells that arise in fetal life. Presumably, the primitive lineages were retained during evolution to provide a measure of innate immune protection until a fully mature adaptive immune system could be established, although they clearly serve specialized functions later in life as well. How do these primitive lineages of neonatal-derived immune cells retain their cell-intrinsic properties in adulthood? Our data suggest that neonatal and adult-derived cells possess markedly distinct chromatin landscapes and gene expression programs. Naive cells produced during early stages of development contain a regulome more typically seen in effector cells, suggesting they are poised to respond prior to stimulation. These data are similar to observations in ILCs and CD4 + T cells, where the ILCs contain a more ''pre-primed'' regulome and the CD4 + T cells required additional chromatin remodeling upon activation (Koues et al., 2016; Shih et al., 2016) . In the case of CD8 + T cells, "fast and innate" likely represents the basic foundation of the response, which evolved to generate CD8 + T cells exhibiting more flexibility and specificity to different stimuli and to develop into memory cells. It is also interesting to consider how the layering of CD8 + T cells may vary in the human population. Indeed, our data demonstrating that the heterogeneity in the effector and naive pools are linked raises the possibility that we may one day use measures of developmental layering to better predict outcomes to vaccination, infections, and cancer immunotherapy. It will be important to determine how the developmental architecture in the CD8 + T cell compartment is shaped by intrinsic and environmental factors with progressing age. For example, previous work has indicated that the elderly respond poorly to vaccines because their CD8 + T cells become senescent (Miller, 1996) . Our data offer an alternative explanation: that aged individuals are no longer able to respond vigorously to infection because they have lost most of the fetal and neonatal layers of the CD8 + T cell compartment. Similarly, early thymectomies result in a CD8 + T cell compartment lacking the adult layer. Whether these individuals exhibit an imbalance in the generation of effector and memory CD8 + T cells remains an open question.
In conclusion, our work suggests that ''early effectors'' in the primary CD8 + T cell response to infection represent cells with early developmental origins and altered chromatin landscapes. Although our work is confined to CD8 + T cells, it seems likely the same phenomenon may be seen in other subsets of T cells, revealing a general paradigm of how immune ontogeny contributes to diversity. In particular, there is extensive work demonstrating that neonatal CD4 + T cells are inherently biased toward Th2 differentiation (Adkins et al., 2004; Zaghouani et al., 2009) , and fetal naive CD4 + T cells are predisposed to Treg differentiation after stimulation (Mold et al., 2010) . Thus, it will be of particular interest to determine whether the outgrowth of CD4 + T cell subsets (Th1, Th2, Tregs) in adults is linked to when the naive precursors were initially made. Knowledge gained from all of these studies is expected to broaden our fundamental understanding of immune ontogeny and the differentiation of effector and memory T cells after infection.
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Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice B6, Thy1.1, Ai9, and eYFP mice were purchased from Jackson Laboratory. The CD4cre-ERT2 were obtained from Fotini Gounari (The University of Chicago) (Aghajani et al., 2012) and are now commerically available at Jackson Laboratory. C57BL/6 and Ly5.2 mice were purchased from the National Cancer Institute. gBT-I mice TCR transgenic mice (TCRab specific for the HSV-1 glycoprotein B 498-505 peptide SSIEFARL) were provided by Dr. Janko Nikolich-Zugich (University of Arizona, AZ) (Mueller et al., 2002) . Large experimental cohorts were generated by setting up timed pregnancies and dividing litters into experimental groups (> 2 litters in all cases). At the time of experimentation, mice were 8-9 weeks of age (unless otherwise noted), sex-matched within the experiment and were maintained under pathogen-free conditions at Cornell University College of Veterinary Medicine, accredited by the American Association of Accreditation of Laboratory Animal Care. No association of response with sex was observed or expected. The Institutional Animal Care and Use Committee at Cornell University reviewed and approved all protocols for animal usage.
Cell culture B16-Flt3 tumor cell line was provided by Dr. Stephen Jameson (University of Minnesota, MN) (Fulton et al., 2015; Shih et al., 2016) . Cells were cultured in RP-10 (RPMI supplemented with 10% FBS) and conditioned media from culture was saved at À20 C in 15 mL aliquots for future experimental use.
METHOD DETAILS
Time-stamping method
We generated timestamp reporter mice by crossing Ai9 (RFP reporter) or eYFP reporter mice to CD4cre-ERT2 mice. We administered tamoxifen by i.p. or oral gavage to induce RFP expression. To mark the cells of newborns (1 d), 2.5 mg tamoxifen was administered to dams by oral gavage on days 0 and 1 (2.5 mg/mouse 2-3 times in a 24 hr period) and pups received tamoxifen through lactation. To mark 7 d and 28 d cells, mice were given 0.25 mg (single dose) and 1-2 mg tamoxifen (1-2 doses in a 24 hr period), respectively, at the appropriate age, also by oral gavage. Mice were then allowed to age to 8 weeks before use in experiments. The same procedure was use to generate TCR transgenic timestamp mice, except Ai9 mice were crossed to gBT-I mice to generate a TdTomato reporter mouse with a clonal TCR.
Flow Cytometry
All antibodies were purchased from Thermo Fisher Scientific or Biolegend. To directly assess antigen-specific cells, we used APClabeled gBI tetramer obtained from the NIH tetramer core facility. When fixation was required, we used the IC fixation and permeabilization kit from Thermo Fisher Scientific according to manufacturer's instructions. For intracellular staining we use the BD fix/ perm buffer set with BD perm plus. Data was collected using an LSR II flow cytometer (BD Biosciences) and analyzed with Flowjo software (Treestar).
Tissue distribution Blood samples were obtained by retro-orbital bleed. Mice were then euthanized, perfused and spleen, lymph nodes (cervical, mesenteric and inguinal), lung, liver and one femur were removed. Single cells suspensions of spleen, lymph node and bone marrow were made by manual dissociation and filtration through a 40 mM filter. Liver tissue was manually dissociated and enriched for lymphocytes using a percoll gradient. Lung tissue was manually dissociated, digested with 0.5mg/ml collagenase in RP-10 for 20 minutes at 37 C and layered on a percoll gradient to enrich for lymphocytes. Following preparation of single cell suspensions, cells were processed for flow cytometry.
In vitro proliferation CD8+ T cells were isolated by positive magnetic selection using anti-CD8a microbeads (Miltenyi) according to manufacturer's instructions. Following isolation, cells were incubated with CFSE and, after labeling, placed in RPMI supplemented with 10% Fetal bovine serum, L-glutamine, Penicillin-streptomycin, 2-mercaptoethanol and 100 U/ml IL-2. Cells were plated on flat-bottomed 96-well plates that had been coated with anti-CD3 (clone 2Cll, 5 mg/ml) and anti-CD28 (37.51, 5 mg/ml) and cultured for times indicated. At analysis time points, cells were harvested, stained for additional surface markers and effector molecules and analyzed by flow cytometry.
In vitro bystander activation CD8+ T cells were isolated by positive magnetic selection using anti-CD8a microbeads (Miltenyi) according to manufacturer's instructions. Following isolation, cells were incubated in RP-10 with IL-2 alone (100 U/ml) or IL-2 (100 U/ml), IL-12 (10 ng/ml) and IL-18 (10 ng/ml) for 18 hours. At that time, 1.5 mg/ml Brefeldin A was added to the cells and they were incubated an additional 4 hours. Cells were then harvested and stained for both surface and intracellular antibodies for flow cytometry as indicated above.
ATACseq library preparation and sequencing
We magnetically enriched cells by positive selection with CD8a microbeads (Miltenyi) and sorted populations to > 90% purity with a FACS Aria III. VM cells were CD4-CD8+CD44 hi RFP+ and TN cells were CD4-CD8+CD44 lo RFP+. The FACS sorted cells were permeabilized in lysis buffer (10mM Tris-Cl pH 8.0, 300mM sucrose, 10mM NaCl, 2mM MgAc2, 3mM CaCl2, 0.1% NP-40(Igepal), 0.5mM DTT, 1x Pierce protease inhibitor (Thermo Scientific), and 40 units of RiboLock RNase inhibitor (Thermo Scientific)) for 10mins, washed with buffer W (10mM Tris-Cl pH 8.0, 300mM sucrose, 10mM NaCl, 2mM MgAc2, 0.008% Tween20, 0.5mM DTT, 1x protease inhibitor, and 40 units of RNase inhibitor), and resuspended in storage buffer (50mM Tris-Cl pH 8.3, 40% glycerol, 5mM MgCl2, 0.1mM EDTA, 0.5mM DTT, and 40 units of RNase inhibitor). The cells were pelleted at 1000xg for 10 minutes for each step of buffer change. The permeabilized cells were counted, snap-frozen in liquid nitrogen, and stored at À80 C.. ATACseq libraries were prepared from 30,000 permeabilized cells primarily as described in Buenrostro et al. (2015) and Corces et al. (2017) . Frozen permeabilized cells were thawed, washed twice in ATAC-RSBbuffer containing 0.1% Tween20, resuspended in Transposition Mix (Nextera DNA Sample Preparation Kit, Illumina) containing 0.1% Tween20 and PBS, and incubated for 30 minutes at 37 C with shaking (1000rpm). After column cleanup, libraries were amplified using Nextera PCR oligos (Nextera Index Kit, Illumina) and Ultra II Q5 Master Mix (NEB) for a total of 12-14 PCR cycles based on qPCR quantification after the initial 5 cycles. The libraries were cleaned up twice (in series) with a 2:1 ratio of SPRIselect beads (Beckman Coulter). ATACseq libraries were sequenced with 61nt single-end reads on the HiSeq2500 (Illumina).
ATACseq read processing and peak calling Raw sequencing reads were trimmed and filtered using cutadapt v1.12 (Martin, 2011) , with parameters '-a CTGTCTCTTATACA CATCT -e 0.06 -m 15'. The resulting highquality reads were aligned to the mouse genome (mm10) using bowtie2 v.2.2.8 (Langmead and Salzberg, 2012) , with default parameters. The read alignments were filtered for PCR duplicates and lowquality alignments (MAPQ < 30) using samtools v1.4.1 (Li et al., 2009 ). Peaks were called using macs2 v2.1.1.20160309 (Zhang et al., 2008b) , with parameters '-f BAM -g mm -B -q 0.05'. To obtain confidently reproducible peaks, we used our two replicates of each sample and performed Irreproducibility Discovery Rate (IDR) analysis (Li et al., 2011) , as previously described by the ENCODE Consortium (Gerstein et al., 2012) , with some modifications. Briefly, we calculated IDR for each peak (command: batchconsistencyanalysis.r; parameters: peak.half.width = À1, min.overlap.ratio = 0, ranking.measure = p.value) and filtered using IDR threshold of 0.1 to obtain consistent peaks between replicates. Despite being reproducible between replicates, boundaries of many peaks were slightly shifted between replicates. To generate one representative peak for each replicatepair, we called peaks separately for replicatepooled data and retained only those peaks that overlapped with reproducible peaks from the IDR analysis, resulting into a single set of peaks for each sample. To generate a unified set of peaks from all samples, we merged reproducible peaks from each celltype using bedtools v2.26.0 (Quinlan and Hall, 2010) . Lastly, we filtered out all peaks that matched blacklist of artifactual regions in mm10 (https:// www.encodeproject.org/annotations/ENCSR636HFF/) and further filtered peaks that contained reads with mapping quality of at least 38, resulting in total of 46,140 peaks. We used FeatureCounts from Subread v1.5.1 (Liao et al., 2014) to calculate raw read counts, with parameters '-F SAF -s 0 -Q 38', which we used as a measure of chromatin accessibility for further analysis. We used bedtools and custom Perl, Shell and R scripts and commands for further ATACseq data analysis.
ATACseq visualization
The read alignments that map to unified set of peaks were extracted. The read coverage at each genomic position was normalized (RPM) using genomeCoverageBed (Quinlan and Hall, 2010) , converted to bigwig format using bedGraphToBigWig from USCS toolkit, and visualized with the USCS genome browser.
ATACseq data clustering and gene association Reads were first counted for each peak in replicatepooled data, and then counts were converted to zscores across samples (rowwise zscores) prior to clustering analysis. Morpheus (Broad Institute) was used for kmeans clustering, and visualization using heatmaps. Each peak was assigned to a nearest gene based on the shortest distance between the peak and gene's promoter, on either strand; promoters were defined as 1 kb upstream and 500 bp downstream of annotated transcription start site (TSS) in Gencode vM12 annotations. Each gene was assigned to a peakcluster that had the most number of geneassociated peaks; for ties, genes were randomly assigned to one of the tied clusters.
Motif enrichment analysis for transcription factor binding sites Putative transcription factor binding sites (TFBS) were identified in ATACseq peaks by first obtaining the 1117 motifs corresponding to binding sites for 583 distinct transcription factors (TF) from JASPAR v2018 (Khan et al., 2018) and CISBP (Weirauch et al., 2014) . For CISBP motifs, we collected only those motifs found in TRANSFAC (Matys et al., 2006) or described previously (Jolma et al., 2013) . These TF binding motifs were then searched in 150bp of sequence centered on the summit of each peak to identify putative TFBS, using FIMO with pvalue cut-off of 10e5 (Grant et al., 2011) . Enrichment of TF binding motif was computed over different subsets of peaks, as described previously (Yu et al., 2017) with some changes. Briefly, we first defined subsets of peaks, denoted by S, that are significantly (qvalue < 0.1) (Storey and Tibshirani, 2003) more accessible in one sample compared to another in different pairwise comparisons, using a pipeline built upon the edgeR v3.18.1 (Robinson et al., 2010) framework for differential gene expression analysis. We then computed the fraction of peaks in a subset s, and fraction of peaks in a set of 10,000 randomly selected peaks that contain at least one binding motif for a TF t, denoted by fs and fr, respectively. The ratio of fs/fr was used to determine enrichment (ratio > 1) or depletion (ratio < 1) of binding motif for TF t in a subset s. The significance P value of enrichment or depletion was computed using a binomial test, where the set of 10,000 randomly selected peaks was used as the null distribution, followed by FDR correction. We applied stringent thresholds of 10e5 for FDR corrected binomial P value to obtain confidently enriched or depleted TF binding motifs.
Poised gene analysis
Poised genes were defined as genes that have at least one significantly (qvalue < 0.05) more accessible region in one sample compared to another, using ATACseq data, and, without evidence for transcript upregulation, assessed using RNaseq data. Gene ontology (GO) and GO-slim enrichment analysis on poised genes was performed using GOrilla (Eden et al., 2009) and BiNGO (Maere et al., 2005) , respectively; a list of all expressed genes was used as a background set for the analysis. The P values were FDR corrected, and the significant (P value < 0.05) terms were visualized using Cytoscape (Shannon et al., 2003) .
Mathematical modeling
The rate of division and death was estimated using the precursor cohort method as previously described (Gett and Hodgkin, 2000; Hawkins et al., 2007) . Briefly, the number of cell divisions was calculated based on their CFSE dilution. The average division number (based on the corrected cell number) was then used to estimate time-to first division, division rate and death rate of cells. The same method was also recently used to quantify the rate of division of neonatal and adult CD8 + T cell in vitro (Reynaldi et al., 2016) .The rate of cellular differentiation was quantified using the assumption of simple division-linked differentiation. That is, assuming that on each division a cell will have a probability of differentiation (ie: to gain or lose a specific surface marker) (Reynaldi et al., 2016; Schlub et al., 2010) . For example, on each division, cell might have a probability of losing the CD62L hi phenotype and gaining a CD62L low phenotype. Thus, the proportion of cells that are CD62L hi on each division can be written as HðnÞ = H 0 ð1 À cÞ n ;
where H 0 is the initial proportion of CD62L hi on division zero, and c is the loss rate on each division. We used GraphPad Prism (version 6, GraphPad Software, California) to test whether each parameter is equal between the three groups (F test).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses (except for RNA and ATAC sequencing, please see above) were performed using Prism software (Graphpad). Error bars represent SEM or SD, as indicated in figure legends. Significance was determined by 1-way or 2-way ANOVA followed by an appropriate post test, as indicated in the figure legends. Significance is denoted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
DATA AND SOFTWARE AVAILABILITY
The accession number for the RNA-seq and ATAC-seq data reported in this paper is GEO SuperSeries: GSE97802. (legend continued on next page)
